It has been demonstrated that plasma from patients with fulminant hepatic failure (FHF) interferes extensively with cellular function. We placed primary human and primary porcine hepatocytes in a polyurethane foam (PUF)/spheroid culture system and compared the metabolic functions in the plasma of patients with FHF in a 24-h stationary culture to those in a monolayer culture. The PUF/spheroid culture system using primary human and primary porcine hepatocytes significantly decreased ammonia content during 28-day culture. Fisher's ratio significantly increased at culture days 3 and 7. Tauroursodeoxycholic acid significantly increased and glycochenodeoxycholic acid and taurochenodeoxycholic acid decreased in the FHF patients' plasma at culture day 3. During at least a 24-h culture in the FHF patients' plasma, metabolic functions of primary human and primary porcine hepatocytes were almost identical. The present results indicate that the PUF/spheroid culture system using primary human or primary porcine hepatocytes demonstrated more advantageous metabolic functions in the plasma from patients with FHF than the monolayer culture.
INTRODUCTION
sively with cellular metabolism, and the effects include the inhibition of DNA, RNA, and protein synthesis (7, 9) Orthotopic liver transplantation is now the only effecand the loss of cellular integrity and iron transport (20) tive therapy for many patients with liver failure (15).
as well as actin precipitation (14) . Because our devices Currently, there is a critical shortage of organ donors, involve direct contact between the FHF patient's plasma and the development of a liver support system is urand hepatocytic spheroids, it is necessary to analyze the gently needed for use as a "bridge" or as a treatment for functions of hepatocytic spheroids in the plasma from reversible acute liver disease (3) . Some hybrid artificial FHF patients. liver support systems (HALSS) have undergone clinical
In this report, we compared the metabolic functions trials (4, 24) . of hepatocytes (ammonia removal and metabolism of We originally developed a multicapillary polyurethane fractions of amino acids and bile acids) in a PUF/spherfoam packed-bed culture system (MC-PUF), in which oid culture to those in a monolayer culture in the plasma hepatocytes spontaneously formed spheroids and exfrom patients with FHF using primary human and pripressed improvement of liver-specific functions (10, 16) .
mary porcine hepatocytes. We demonstrated that the MC-PUF packed-bed module could be effectively used as a hybrid artificial liver sup-MATERIALS AND METHODS port system (PUF-HALSS) in animal experiments (6,11, Preparation of Primary Porcine Hepatocytes 12). We are now waiting for permission from our insti-Hepatocytes were isolated from a domestic pig (fetutional ethical committee to initiate the clinical applicamale, 10.5 kg) by the liver perfusion methods described tion of this PUF-HALSS using porcine hepatocytes.
by Seglen (19) and Gerlach (5) . The livers were then It has been demonstrated that plasma from patients excised, digested, and passed through a stainless steel with fulminant hepatic failure (FHF) interferes exten-380 YAMASHITA ET AL.
mesh. Hepatocyte-enriched fractions were prepared by
Metabolic Capacity Assays centrifugation and suspended with Williams' E medium To investigate the metabolic capacity of primary hu-(Gibco Co. Ltd., Grand Island, NY) containing 10% man and primary porcine hepatocytes in the monolayer FBS (JRH Biosciences, Australia). The cell viability was or the PUF/spheroid culture in the FHF patients' plasma, 91.6%, as measured by the trypan blue exclusion hepatocytes were cultured in 2 ml of plasma from two method. The Kyushu University Institutional Animal patients with FHF. Hepatocytes were placed in every Care and Use Committee approved this animal protocol.
third dish for a 24-h culture period at days 1, 3, 7, 14, and 28. After the 24-h culture, the FHF patients' plasma Preparation of Primary Human Hepatocytes was collected and the cell concentration of each dish Human liver fragments were obtained from patients was determined by counting the nuclei using the method who underwent hepatic resection. Preoperatively, it was described by van Wezel (23). In brief, minced PUF with confirmed that these patients had no viral hepatitis (i.e., attached hepatocytes was suspended in 0.1 M citric acid neither hepatitis B nor C virus) and no liver enzyme solution containing 0.1% crystal violet. After incubation elevation. Isolated primary human hepatocytes were obfor 48 h at 37°C in 5% CO 2 incubator, the stained nuclei tained from the resected human liver fragments by a released from the cells were counted with a hemocytomodified method reported previously (21) . To dissociate meter. The concentration of ammonia was measured by the hepatocytes, 0.1% collagenase type IV (Wako Pure a commercially available test kit (Ammonia test Wako, Chemical Industries, Osaka, Japan) and 1000 PU/ml dis-Wako Chemicals Co. Ltd., Osaka, Japan). The fractions pase (Godo Shusei Co., Tokyo, Japan) were used as a of plasma amino acid levels and plasma bile acid levels matrix-dissolving enzyme. The viability of the isolated were measured by a high performance liquid chromatogprimary human hepatocytes was 92.7%, as determined raphy system (HPLC, JASCO Corporation, Tokyo, by the trypan blue exclusion method. Our institutional Japan). ethical committee approved this experiment, and in-Statistical Analysis formed consent was obtained from the patients.
Statistical evaluations of the numerical variables Stationary Culture of Hepatocytes as regards ammonia removal activity was performed us-Our methods of obtaining a stationary culture of ing Mann-Whitney's U-test. Differences in ammonia, hepatocytes in the monolayer or PUF/spheroid culture Fisher's ratio, and fractions of amino acids and bile have been described in detail in a previous article (11) .
acids during a 24-h culture period were statistically ana-In brief, the hepatocytes were inoculated for the monolyzed using the repeated measures analysis of variance layer culture at a density of 5 × 10 5 viable cells per type (ANOVA) test. Significance was defined as p < 0.05. I collagen-coated dish (diameter 35 mm) in 2 ml Wil-RESULTS liams' E medium containing 10% FBS. A block of PUF Cellular Morphology was cut into flat plates (1 × 25 × 25 mm). Hepatocytes were inoculated at a density of 3 × 10 6 viable cells per Both primary human and primary porcine hepatopetri dish (diameter 35 mm), which contained a piece of cytes spontaneously formed spheroids in the PUF sta-PUF plate in 2 ml Williams' E medium containing 10% tionary culture after 24-48 h of culture ( Fig. 1A, B ).
FBS.
The diameter of each spheroid was approximately 100-200 µm. Hematoxylin and eosin staining revealed that Cell Morphology approximately 30-60 hepatocytes aggregated in spheri-The morphology of hepatocytes in the PUF/spheroid cal forms. Even after a 24-h culture period in FHF paculture system was observed by phase-contrast microtient plasma, the hepatocytes maintained their spherical scope (Olympus, Tokyo, Japan). Some PUF blocks were form in both the primary human and primary porcine then fixed in 10% buffered formalin, embedded in parafhepatocytes (data not shown). fin, sectioned, and stained with hematoxylin and eosin.
Ammonia Removal Activity Plasma From FHF Patients
The changes in ammonia concentrations (µg/dl) in the FHF patient plasma at 1, 3, 7, 14, and 28 culture Plasma from patients with FHF was obtained during plasma exchanges from two grade IV coma patients (not days are shown in Figure 2 . The primary human and primary porcine hepatocytes in PUF/spheroid culture re-concomitant with viral hepatitis, etiology unknown). The FHF patients' plasma was stored at −80°C and was vealed a significant decrease in the ammonia concentration throughout the entire 28 days of culture compared passed through 0.22-µm GV durapore membranes (Stericup, Millipore, Co., Bedlford, MA) just before with the primary porcine hepatocytes in monolayer culture. Both primary human and primary porcine hepato-analysis. ratio in the FHF patient plasma significantly increased after a 24-h culture period in the case of the primary human and primary porcine hepatocytes in the PUF/ spheroid culture at both days 3 and 7, compared with the Fisher's ratio for primary porcine hepatocytes in the monolayer culture. In particular, at day 7, both the primary human and primary porcine hepatocytes in the monolayer culture revealed a decrease in the Fisher's FHF patient plasma after a 24-h culture period at day 3 are described in Table 2 . Compared with the changes in cytes in the monolayer were unable to decrease the amamino acid concentration in primary porcine hepatocytes monia concentration after day 7, but both primary human in the monolayer culture, primary human and primary and primary porcine hepatocytes in the PUF/spheroid porcine hepatocytes in the PUF/spheroid culture significulture maintained ammonia removal capacity for at cantly decreased the concentration of methionine, tyroleast 28 culture days. sine, and phenylalanine. In the PUF/spheroid culture and The ammonia removal rate (ng/10 5 nuclei/h) in the in the monolayer culture, the fraction of amino acids in plasma from the FHF patients is summarized in Table the primary human and primary porcine hepatocytes 1. During the 28-day culture period, the ammonia reafter a 24-h culture period did not differ significantly. moval rates for both primary human and primary porcine hepatocytes in the PUF/spheroid culture were sig-Bile Acids Metabolic Capacity nificantly higher than those of porcine hepatocytes in
The changes in bile acids fractions in the FHF patient the monolayer culture. In the PUF/spheroid culture and plasma after a 24-h culture period at day 3 are described in the monolayer culture, the ammonia removal rates of in Table 3 . Both primary human and primary porcine primary human and primary porcine hepatocytes were hepatocytes in the PUF/spheroid culture significantly not significantly different.
increased the levels of glycoursodeoxycolic acid, tau-Metabolic Capacity of Amino Acids roursodeoxycolic acid, glycocholic acid, and taurocholic acid, and significantly decreased the levels of urso-The changes in Fisher's ratio in the FHF patient plasma at days 3 and 7 are shown in Figure 3 . Fisher's deoxycholic acid, glycochenodeoxycholic acid, and tau- rochenodeoxycholic acid after a 24-h culture period, compared with primary porcine hepatocytes in the monolayer culture. The fraction of bile acids in the primary human and primary porcine hepatocytes did not significantly differ in the PUF/spheroid culture and in the monolayer culture.
DISCUSSION
Elevation in the serum concentration of ammonia is a main factor in the development of cerebral herniation in FHF patients (2). Primary human and primary porcine hepatocytes in the PUF/spheroid culture significantly decreased the ammonia concentration in FHF patient plasma after a 24-h culture period compared with pri- In a comparison with primary porcine hepatocytes in the monolayer culture, both primary human and primary porcine hepatocytes in the PUF/spheroid culture showed Values are mean ± SD, n = 6 (every third dish for two FHF patients' plasma). *p < 0.05 compared with value of porcine monolayer. a significant increase in Fisher's ratio in FHF patient in FHF patient plasma. Improved hepatoprotective effects might also be induced in the context of the PUF/ plasma after a 24-h culture period at days 3 and 7. In FHF patients, the concentrations of most circulating spheroid culture system for FHF patients in the clinical setting. amino acids except for the branched chain amino acids increased, which resulted in a decrease in the Fisher's
The use of human hepatocytes in hybrid artificial liver system helps avoid xenoimmunological hyperacute ratio (18). The methionine level has been reported to be important in the development of hepatic encephalopathy rejection (13) , which causes such systems to fail at an early stage (22). The shortage of healthy human liver (8) . A significant increase in Fisher's ratio and a significant decrease in methionine in FHF patient plasma in specimens available for hepatocyte isolation limits this modality. In the present study it was shown that primary both primary human and primary porcine hepatocytes in the PUF/spheroid culture system demonstrate potential porcine hepatocytes, both in the PUF/spheroid culture and in the monolayer culture, demonstrated almost the advantageous neurological effects for FHF patients in the clinical setting. same metabolic functions in FHF patient plasma as did primary human hepatocytes during at least a 24-h cul-The analysis of the fraction of bile acids showed a significant increase of tauroursodeoxycholic acid in FHF ture period.
In conclusion, PUF/spheroid culture systems using patient plasma in the case of both primary human and primary porcine hepatocytes in the PUF/spheroid cul-primary human and primary porcine hepatocytes demonstrated the advantageous metabolic function in FHF pa-ture; this result may be due to improved activity of 12 alpha-hydroxylase. Tauroursodeoxycholic acid was re-tient plasma compared with the monolayer culture. ported to be protective against hepatocyte injury (1) and,
